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The deformation of refractory materials consisting of
90% sintered or fused alumina plus 10% silica was rneasured
at temperatures from 1450 to 15l5°C and a compressive stress
of 100 psi. Creep rates and activation ener.gies were deter-
mined from the steady state portion of deformation vs. time
data and correlated with the mineralogical composition.
Supplemental measurements included x-ray diffraction,
electron probe microanalysis, apparent porosity and tensile
strength.
Conditions having an important effect upon the mineral··
ogical compositi.on were: (l) duration of heat treatment,
(2) amount of sodium oxide impurity, and (3) reactivity of
the alumina grain. Prolonged heat treatment and sodium oxide
impurity enhanced mullite formation, thus lowering creep
rates.
The activation energies ranged from 75 kcal/mole for
samples containing sintered alumina doped with 0.5% sodium
oxide, to 140-150 kcal/mole for regular sintered or fused
ah:l.TIl.ina. The magnitude of the activation energy was approx-
imately proport.ional to the mulli te content ..
Vernon L. Burdick
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I INTRODUC'l'ION
The high temperature technology of the glass t cement
and steel industries requires refractories of exceptionally
good chemical durability and mechanical strength. Refrac-
tories containing more than 50% alumina meet the require-
ments economically where fireclay refractories have failed.
The rapid growth in the demand for high alumina refractories
is i~lustrated by the 107% increase in shipments over the
last decade. 1
In considering the properties of alwninosilicate
refractories, the alumina-silica phase diagram (Figure 1) is
usually employed with impurities being neglected. Between
10 and 70% ,alumina t where the first liquid appears at 1595°C t
the amount of liquid at a given temperature decreases as the
alumina content increases. ConcurrentlYt the liquidus tem-
perature increases in this composition range. In composi-
tions containing more than 70% alumina where mullite and
a alumina are the stable solid phases at equilibrium! the
eutectic temperature is l840oc. With increasing alumina
content the amount of liquid decreases and the liquidus
temperature increases until 100% alumina is attained.
Based on these observations t it is usually concluded that
the ability to withstand high temperatures increases with
increasing alumina content. Although this conclusion is
valid for the pure two component sys tem t it does not neces--
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* S. Aramaki and R. Roy, "Revised Phase Diagram for the
System A1203-Si02", J. Am. Ceram. Soc. 45 (5) 229 .. 42
(1962)
Note: The following chemical nomenclature is used in
this thesis.
Silica (silicon dioxide) = si02
Alumina (aluminum oxide) = A1 2 03
Soda (sodium oxide) = Na20
3impurities, pores, and non-equilibrium phases. These devia--
tions from the ideal chemical system are introduced by
process or materials variables and are expected to influence
the performance of refractories during service. The proper-
ties affected include mechanical strength and resistance to
deformation under load at high temperatures.
One of the important design limitations of refractories
is their resistance to deformation under load at high
temperatures. This property, often referred to as creep
resistance, is affected by chemical composition, mineralog-
ical composition, firing treatment and porosity.
The purpose of the research reported herein was to
compare the creep behavior of 90% alumina refractories
composed of either sintered or fused alumina plus silica.
The nature of the alumina grain and the bonding matrix were
of special interest. The mechanism of the creep process and
its relation to microstructure and phase composition was
also st.udied.
As in most thermally activated processes, the activation
energy for creep is often characteristic of the creep
mechanism. One method of identifying the creep mechanism is
to measure the activation energy for the process. This
method can only be used if the activation energy for various
mechanisms is known from previous work. In the present
study, the activation energy for creep in 90% alumina samples
was compared to previously determined values for the activa-
tion energy of creep in mullite and fireclay refractories.
The nature of the alumina grain and the bonding matrix was
determined from microstructure studies, X-ray diffraction
phase studies and electron probe microanalysis. This
information was used in conjunction with creep data to
Iurther describe the creep behavior of samples containing
sintered or fused alimina.
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II LITERA'rURE REVIEW
Creep is defined as the deformation of a solid substance
under constant stress. It constitutes a flow or rearrange-
"ment of matter in a direction so as to relieve the imposed
stress. Several important variables which affect this flow
process are time, temperature, stress and the nature of the
material.
A. Time Dependence of Creep
The time dependence of creep, i.e. creep rate, is similar
for a variety of solids including metals, polymers and
cermnics. This behavior is often illustrated by a typical
creep curve such as the one shown in Figure 2. This curve
can be divided into four sections 2 : (1) an instantaneous
extension; (2) a primary stage of decreasing rate; (3) a
secondary stage of steady state creep; and (4) a tertiary
stage of accelerating creep rate leading to failure.
A large number of equations have been derived to
describe the time dependence of creep. While these may be
valid expressions for speci.fic materials under given test
conditions, their empirical n<J.ture precludes an interpreta-
tion of creep phenomena based on real physical models.
Kennedy 2 reviewed the most successful creep-time expressions
and suggests that the equation
n


































where: E = strain
a, b, c, = constants
t = time
proposed by Wyatt 3 is the best empirical relationship at
present.
B. Temperature and stress Dependence of Creep
According to Dorn~ the creep process is thermally
activated. If thermal activation did not occur, the strain
obtained at a given temperature would be only stress
dependent. Thus, the time dependent creep phenomena are
stimulated by continuous thermal excitation.
The temperature dependence of the creep rate is best
described using rate process theory as outlined by Dorn 4 for
metals, Gibbs and Eyring S for ceramics ,and applied by Hulse
and Pask 6 to fireclay refractories. This theory is outlined
in detail in Appendix A. According to this theory, the
deformation of solid substances constitutes a movement of
matter. This movement is pictured as a migration of density
fluctuations within the material. Admittedly, these fluctu-
ations having been introduced into the material at high
temperature may vary in type but regardless of type, each
fluctuation has an equilibrium position at a potential energy
minimums. The microstructural features of the material
determine the potential energy surfaces limiting the motion
of the fluctuations. When an external force is applied to
the material, the potential energy surfaces are altered
8thereby shifting the equilibrium positions slightly. With
the passage of time there is a net migration of fluctuations
over their barriers in a direction to relieve stress. The
expression for creep rate as a function of stress and temper-
~ture is given ass:
S = (2Kc!L) (KT/h)exp(-F/RT)Sinh(ba!RT)
where: S = creep rate
K = transmission coefficient
K = Boltzman's constant
T = absolute temperature
h = Plank's constant
F = activation energy
R = gas constant
a = stress
b = constant
o = stress axial component of one jump
L = distance between flow units
When creep rates are measured at constant stress and
constant, temperatures the equation become.s 6:
S = Af(s)f(cr)exp(-F!RT)
where: A = constant
f(s) = some function of creep structure
f(o) = some function of stress
(2)
(3)
9Thus, the experimental activation energy for creep is calcu-
lated from the slope of a graph of the natural logarithm of
the creep rate vs. the reciprocal of absolute temperature.
C. Creep Mechanisms
In single phase materials such as pure oxide ceramics,
processes which can conceivably account for creep are:
1. Crystallographic slip
2. Dislocation climb
3. Grain boundary flow
4. Diffusion
Additionally, in a multiphase ceramic material such as a
glass-crys·tal composite, a viscous or quasi-viscous flow of
the glassy matrix can predominate in creep deformation.
Practically all investigators agree that in most ceramic
materials including aluminosilicate refractories the creep
behavior is determined by the matrix materia1 6 •
D. Creep of Refractory Materials
Creep measurements on refractories have emphasized the
effects of chemical composition, mineralogical composition,
porosit.y and firing treatment. Clements and Vyse 8 measured
the compressive creep of some high alumina refractories at
temperatures from 1450 to 1550 o C. '1.'he samples containing
from 40 to 96% alumina were taken from commercial refrac-
tories. Chemical composition, mineralogical composition,
porosity and firing t:reatment were considered as -the
important factors governing the creep behavior. statistical
10
treatment of these factors showed the creep to be substan-
tially independent of alumina content, flux content and
porosity. The firing treatment correlated strongly with the
creep resistance. From an examination of the mineralogical
composition and microstructure it was further concluded that
the nature of the refractory grain and the bonding matrix
were the most important factors determining the creep
resistance of high alumina refractories. Fused mullite,
calcined kyanite or sillimanite, and possibly corundum
present as coarse grains showed good inherent creep resis-
tance. Glassy bonds or poorly developed crystalline bonds
were associated with high creep rates.
Similar conclusions concerning aluminosilicate refrac-
tories 'itvere report.cd by Wiechula and Roberts 9 • They
investig-ated commercial refractories covering the entire
aluminosilicate composition range. Torsional measurements
of the shear modulus, shear strength and creep showed that a
transitiOll from almost complet.e rigidity to incipient
plasticity occurred between 700 and BOOoe irrespective of
composi tion. This sug~Jested that the same mechanism is
responsible for the loss of rigidity in this temperature
range. The observed decrease in creep rate with the increas-
ing alumina content wa.s consistent with the increased amount
of mullite and corundum in the structure. The similarity
between the reciprocal flow rate VB. temperature curves for
the refractories and the viscosity curves for silica glass
led to the conclusion that the glass in the refractories was
11
highly siliceous in character.
Chi and SosmanlO also s·tudied an alwninosilicate
material containing a glassy phase. The deformation of
fired kaolinite samples containing about 40% alumina
followed the relationship:
D = lo[l-exp(-t/T)]+kt
where: D = percent deformation at time t
1 0 = percent initial deformation
L = relaxation time
k = percent/minute, the steady flow rate
(4 )
At temperatures between 1320 and l400 0 C the deformati.on
consisted of two parts; (1) deformation not linearly propor-
tional to timer called initial flow and; (2) deformation
proportional to time, called steady flow. It was concluded
that the ini.tial flow was an elastica-viscous deformation
while the steady floilJ resulted from the viscous deformation
of a glass or highly viscous liguid. The viscous flow was
attributed to a silicate liquid. Small amounts (2 to 3%) of
basic oxides present in the samples were considel:ed suffi-
cient for the formation of the silicate liquid.
In contrast, Hulse and Pask 6 raised some questions
regarding the rate contrOlling process in the deformation of
fireclay refractories. While the overall deformation
depended upon the amount of glassy phase present, the
temperature dependence of the creep rate indicated that in
12
some cases mu11ite was the rate controlling phase. In
specimens containing an interlocking mullite network, the
activation energy for creep was found to be 170 kcal/mole.
This value is close to the 177 kcal/mole activation energy
for a mu1lite refractory. The similarity in activation
energies suggested that mul1ite was the rate controlling
phase. Specimens showing poor mullite crystallization gave
an activation energy of 134 kcal/mole while specimens
wherein phase changes occurred during testing gave an acti-
vation energy higher than 170 kcal/mole.
III EXPERIMENTAL PROCEDURE
A. Sample Preparation
Samples were prepared using high soda fused alumina,
low soda fused alumina, high soda sintered alumina, low soda
sintered alumina and silica. A typical chemical analysis of
each material was obtained from the supplier and is shown
in Table I. The major chemical difference in the alumina
materials is the soda content. Another significant differ-
ence is that the fused alumina grain is essentially mono-
crystalline while the sintered alumina, having been sintered
from a finely powdered material is polycrystalline. The
maximum crystallite size in the sintered grain is about J.50
microns.
The four types of alumina grain were separated into the
size fractions 6 to 20 mesh, 20 to 60 mesh and -60 mesh by
standard sieve techniques. It was desired to keep the size
distribution of the -60 mesh material as nearly constant as
possible for all materials. This was accomplished by
separating the materials into closely graded sizes and
reblending selected portions of each size fraction to give
the desired size distribution. The final size distribution
of the alumina aggregate is shown in Table II.
After sizing, the materials were mixed in a twin shell,
dry blender in the proportions shown in Table III. Prior
to pressing, 7 wt. % of a solution of 5 wt. % cellulose gum
in water vIas added. Cylindrical f:~amples 1 1/8 inches in
TABLE I
TYPICAL CHEMICAL ANALYSIS OF MATERIALS USED IN SAMPLE PREPARATION
OXIDE WEIGHT PERCENT
Low Soda* High Soda** High Soda* * * Low Sodat S'l' ttOxide Sintered Alumina Fused Alumina Sintered Alumina Fused Alumina l lca
Si02 0.06 0.05 0.06 0.06 99.8
Fe203 0.06 0.15 0.06 0.08 0.020
NazO 0.04 0.50 0.30 0.07 <0.005
Ti0 2 0.01 0.02 0.01 0.008 0.014
A1203 99.5+ 99.3 99.3+ 99.8 0.050
* T-60 Tabular Alumina, Aluminum Company of America, Pittsburgh, Pennsylvania.
** 38 Alundum, Norton Company, Worcester, Massachusetts.
t DARA Fused Alumina, Alcan, Montreal, Quebec.
tt #390 Sil-Co-Sil, Ottawa Silica Company, Ottawa, Illinois.




SIEVE lh~ALYSIS OF l1ATERIALS USED IN SAMPLE PREPARATION
CUMULATIVE PERCENT FINER
u.s. Sieve Low Soda High Soda High Soda Low Soda
Number Sintered AIUflina Fused Alumina Sintered Alumina Fused Alumina Silica
6 100.0 100.0 100.0 100.0
10 81.6 86.9 77.8 75.7
14 67.5 74.4 77.8 70.0
20 55.9 56.1 55.6 55.3
30 44.8 43.8 43.7 41.0
40 38.6 35.6 37.4 35.7
60 31.7 31.7 31.1 31.0
100 21.0 19.2 22.5 22.2
140 15.2 9.6 11.3 13.8 100.0
200 9.8 3.7 7.6 9.0 99.5
230 6.4 0.9 5.6 5.8












6 to 20 mes}:;
20 to 60 mesh
-60 mesh
10% SiOz





6 to 20 meSh]
20 to 60 mesh
-60 mesh
Si02
Low Soda Sintered Alumina
8(0.5) 40% 6 to 20 meSh}
22% 20 to 60 mesh
28% -60 mesh
9.5% SiOz
0.5% NazO added as
NaZC03




6 to 20 mesh ~
20 to 60 mesh
-60 mesh
High Soda Sintered Alumina
F(0.07)
10% SiOz
40% 6 to 20 mesh I
22% 20 to 60 mesh
28% -60 mesh
10% SiOz
Low Soda Sintered Alumina
Numbers in paren-theses indicate nominal soda content.
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diameter and 1 inch long were pressed at 12,000 psi. The
samples were dried at Il0oC, heated in an electric furnace
to 1530°C, and held at -this temperature for either 3 or 7
hours. All forming processes were performed in an air
at.mosphere.
B. Creep Measurements
The creep was measured using a compressive loading
appara·tus shown schematically in Figure 3. The hea-ting
elements and load bearing members were silicon carbide.
Deformation was measured at temperatures from 1450 to 1515°C
under 100 psi load. The procedure employed was to raise the
furnace temperature to the desired level, apply the load and
record the deformation at specified times for a period of
24 to 36 hours. The creep rate was computed as the slope of
thE-~ percent deformation vs. time curve in the steady state
region. The slope was obtained by a linear least squares
approximation. For the calculation of the activation energy
for the creep process, the natural logarithm of the creep
ra'te vIas plotted vs. the reciprocal of the absolute temper-
ature. The slope of this curve multiplied by the gas
constant yields the experimental activation energy for creep.
C. Supplementary Property Measurements
Firing shrinkage, bulk density and apparent porosity
were measured by standard techniques. The tensile strength
of the cylindrical samples was determined at room tempera-






3. Silicon carbide pushrod
4. Lever loading system
5. Sample
6. Silicon carbide base
7. Silicon carbi.de heating elements
8. Insulation (cross hatched)
Figure 3. Cross Section of Creep Furnace
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stress at fracture is given by:
s = 2P/7rDL
where: S :::: tensile strength, psi
P = compressive load at fracture, lbs.
D = sample diameter, inches
L == sample length, inches
D. Phase Stndies
The crystalline phases in the starting materials and
fired samples were identified by X-ray cU ffraction. X-ray
diffraction was also used to determine the ratio of a·.
alumina to mullite in fired samples. A calibration curve
was constructed showing the ratio of the intensities of the
(104) reflection from «~alumina and the (121) reflec,tion
from mulli te in known mulli te-alumina mix,tures. The ratio
of the same reflections in fired samples was employed to
find the corresponding mullite to alumina ratio from the
calibration curve.
Further studies of the phase assemblage were performed
using the metallographic microscope. Sections of the fired
samples were mounted in Bakelite and polished according to
the procedure given in Appendix B.
E. Electron Probe Microanalysis
The distribution of Al3+, Si 4+ and Na+ ions in the
fired samples was examined using the electron probe
20
microanalyzer. Polished sections of the samples were vapor
coated with carbon and examined using a 15 KV electron beam.
A KAP analyzing crys"tal was employed for detection of the
characteristic X-rays. The distribution of the ions was
recorded by photographing an oscilloscope display of the
X·-rays emitted from the sample.
IV RESUL'l'S
The creep data for the 90% alumina -10% silica samples
are given in Appendix C. 'l'ypical deformation vs. time
curves are also included in Appendix C. The linear steady
state portion of the creep curves was analyzed by a linear
least squares regression of deformation on time. The steady
state creep rates shown in Table IV are the slopes of the
regression curves for each sample at four different tempera-
tures. The activai:ion energies shown in Table IV \vere
calculated from the steady state creep rates as described in
section III-B. Graphs of the natural logarithm of creep
rate vs. reciprocal absolute temperature for each sample
group, Figures 4 through 10, show the temperature dependence
of the steady state creep rate.
Measurements of the mineralogical composition, bulk
density, apparent porosity and tensile strength were also
made to supplement the creep measurements. The phase compo-
sition of each sample as-fired and after the creep tests is
given in Table V. The mullite contents given in Table V
are the observed mullite contents expressed as a percentage
of the ideal mullite content, which for a 90% alumina-lO%
silica composition is 35 weight percent. A metallographic
microscope was also utilized for examining the phase compo·-
sition and microstructure of as-fired samples. Pho·tomicro-
graphs of polished sections of certain selected samples are
shown in Figures 1 through 3, Appendix D. All of the
TABI,.E IV
STEADY STATE CREEP RATES &~D ACTIVATION ENERGY FOR 90% ALill~INA SAMPLES
Steady State Creep Rate t (%/min. x 10 4 )
Activation
Firing Treatment Energy
Sa.."fTl~* 1530 0 C (hours) 1450 0 C 1480 0 C lS00 0 C 151S o C (kcal/mo1e)
8(0.04) 7 0.93 2.01 2.37 3.40 113
FCO.S) 7 0.51 1.35** 1.45 2.99 154
8(0.04) 3 2.40 4.04 5.00** 6.39 94
FCO.5} 3 1.03 1.29, 2.63** 6.11 143
1. 31
S(0.3) 3 1.12** 2.47 3.30, 6.41 145
2.82
F(O.O?) ~ 1.17** 2.25 4.81, 5.85 156
-'
3,89
S(O.5) 3 1.08 1.31 2.08 2.27** 75
* Numbers in parentheses indicate nominal sodiuID oxide content.
t Creep rates were measured at 100 psi comp=essive stress.





























Figure 4. Temperature Dependence of Steady
State Creep Rate for S(0.04) Samples


























5.5 5.6 5.7 5.8
104/T °Ie 1
Figure 5. Temperature Dependence of Steady
State Creep Rate for F(O.S) Samples


























Figure 6. Temperature Dependence of Steady
state Creep Rate for S(0.04) Samples
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10 4/T °K-l
Figure 7. Temperature Dependence of Steady
state Creep Rate for F(C.S) Samples
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Figure 8. Temperature Dependence of Steady
state Creep Rate for 8(0.3) Samples
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Figure 9. Temperature Dependence of Steady
State Creep Rate for FCO.07) Samples
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Figure 10. ~['emperature Dependence of St(;ady
State Creep Rate for Doped S(0.5)
Samples Fired Three Hours at 1530 0 C
TABLE V
MINERALOGICAL COMPOSITION OF 90% ALUMINA SAMPLES AS DETERMINED BY X-RAY DIFFRACTION
Mullite (% of theoretical) *
Firing Treatment Crystalline
Sample 1530°C (hours) Phases t As-Fired lA5-0oC 1480 0 C 1500°C 151S o c
S(0.04) 7 ex-alumina 17 -- 25 36 29
cristobalite
mullite
F(0.5) 7 ex-alumina 42 -- 55 49 57
mullite
8(0.04) 3 ex-alumina <9 22 -- -- 17
cristobalite
mullite
F(O.S) 3 ex-alu..rnina 31 53 51 -- 51
mullite
S(0.3) 3 ex-alumina 43 -- 53 52 54
mullite
F(O.07) 3 a.-alumina 25 -- 43 36 44
mullite "'
cristobalite
S(0.5) 3 ex-alu..lTlina 18 37 55 51
mullite
* Temperatures indicated are those of the creep tests.




physical properties given in Table VI were measured at room
temperature.
TABI,E VI
ROOM TEl-1PERATURE PROPERTIES OF 90% ALUMINA SAMPLES*
Aooarent Tensile Standard Deviation~ "-
Firing Treatment Bulk Density Porosity Strength of Tensile
Sample lS300C (hours) (gm/cm 3 ) (percent) (psi) Strength (psi)
S(0.04) 7 2.67 22.7 966 117
F{O.S) 7 2.84 21.7 1599 182
S(0.04) 3 2.64 25.6 406 50
F(D.S) 3 2.81 21.3 1442 108
S(0.3) 3 2.80 21.1 1180 196
F(O.07) 3 2.87 21.3 1116 115
S(0.5) 3 2.76 20.9 1704 142
* Property values represent averages of 20 samples.
W
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V DISCUSSION OF' RESULTS
A. GeneJ:c).l
It is not unusual for the deformation or creep charac-
teristics of polyphase ceramic materials to be the result
of several different mechanisms. In alL~inosilicates, the
possible mechanisms include: (1) flow of a glassy phase,
(2) grain boundary sliding movement, and (3) plastic flow
within grains. Furthermore, it is conceivable for the
deformat.i.on t.o be the sum of two or more simultaneous
processes. Most investigators 6 agree that the creep of
cerarLlic materials including aluminosilicates, is strongly
influenced by the intergranular bonding matrix. Certain
types of intergranular phases are known to havE: a high
resistance to deformation at high temperatureS.
In the high alumina portion of the alumina-silica
system, refractories containing a well developed inter-
granular bonding matrix composed of mullite crystals show
relatively 10\., creep rates. In contrast, aluminosilicates
containing glassy bonds usually exhibit higher creep rates B,9
under the same conditions. Thus, any physical or chemical
condition affecting the mineralogical composition of high
alumina refractories must be considered in interpreting
creep behavior. Those factors affecting the amount and
distribution of mullite and glassy phases are especially
important. In the present study, the mineralogical
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composition of the 90% alumina samples and consequently the
creep behavior was found to depend upon: (1) the heat
treatment, (2) the a~mount and distribution of the sodium
oxide present as an impurity, and (3) the reactivity of
the alumina grain.
B. Significance of the Mineralogical Composition
In the 1450 to IS300C temperature range employed in
this work, the equilibrium phases of 90% alumina-10% silica
compositions are mullite and a--alumina. X-ray diffraction
clearly indicates, that equilibrium was not attained in any
of the samples since the mullite contents listed in Table V
are only about one-half of the theoretical mullite content.
Silica which did not combine with alumina to form mullite
remained as cristobalite or reacted with the sodium oxide
and alumina to form a glassy phase.
1. Heat Treatment
The dependence of the creep rate upon the duration of
heat treatment is illustrated by the 8(0.04) and F(D.S)
salllpics heated to 1530 0 C for three and seven hours, Table IV.
Prolonged heating decreased the steady state creep rate and
increased the activation energy for both the sintered and
fused alumina samples. '1'he primary difference in the
mineralogical composition of the seven hour samples as
compa:ced to the three hour samples was an increase in
mullite content, Table V. Thus, the decrease in creep rate
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and increase in activation energy are consistent with the
behavior expected for an increase in mullite content.
2. Sodium Oxide
A comparison of the creep rates given in Table IV, and
shown graphically in Figures 11 and 12, for samples heated
for three hours at 1530 0 C clearly show the effect of the
sodium oxide impurity. Both sintered and fused alumina
samples show decreased creep rates with increasing sodium
oxide content.
The amount of sodium oxide impurity had a significant
effect upon the mineralogical composition of both sintered
and fused alumina samples. Evidence of its importance is
illustrated by the higher mullite contents of the samples
high in sodium oxide, Table V. Additionally the presence
of cristobalite in low sodium oxide samples and its absence
in high sodium oxide samples suggests that a small amount
of glass is present in th8 latter samples since not all of
the silica reacted to form mullite.
Evidence of the association of silica and sodium oxide
in the high sodium oxide samples was obtained by electron
probe microanalysis. Figure 6, Appendix D, shows the close
association of sodium oxide and silica in the F(O.5) samples
which is typical of high sodium oxi.de samples. This
association of silica and sodium oxide is also evident in
the doped S(0.5) samples, Figure 5, Appendix D. The sodium
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distributed, Figure 4, Appendix D. These observations are
considered to show that the silica uncombined in mullite, is
combined with the sodium oxide in a glassy phase, especially
in samples of high sodimn oxide content. Furthermore, the
presence of unreacted cristobalite in the 8(0.04) and F(O.07)
samples is indicative of the absence of the alkali flux.
The importance of sodium oxide in promoting inter-
granular bonding is illustrated further by the room tempera-
ture tensile strengths shown in Figure 13. The consistent
increase in strength for samples of equivalent heat treat-
ment, but higher sodium oxide contents,is indicative of
better intergranular bonding. Since the intergranular
bonding in these samples is composed of both mu11ite and
glass in varying proportions, the tensile strengths do not
show the separate contribution which these two phases make
to the total intergranular bonding.
The effect of sodium oxide was most pronounced in the
8(0.5) samples. The creep rates of these doped samples
were lower than would be expected from their as-fired
mu11ite content. Tentatively, this is attributed to two
conditions: (1) the manner in which sodium oxide was intro-
duced and (2) the change in mu11ite content during creep
testing.
The introduction of sodium oxide as Na2C03 provides a
readily available flux for the silica in these samples. In
contrast, the sodium oxide which is initially dissolved in
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as available for reaction with silica. The enhancedreac-
tivity of the sodium oxide in doped 8(0.5) samples is
indicated by the relatively low as-fired mullite content,
the absence of cristobalite, the low apparent porosity and
the unusually high tensile strength. All of these proper-
ties su~gest that the doped samples contain a greater amount
of glassy phase than the undoped smnples. The creep rates
of the doped S(0.5) samples are lower than expected however,
in view of the relative glass contents of these and other
undoped samples. Generally an increase in glass content is
expected to lead to higher creep rates.
A second explanation for the low creep rates of the
doped 8(0.5) samples is related to their mullite content.
The mineralogical composition of these samples changed
significantly during creep tests, as evidenced by the nearly
three-fold increase in mullite content during the measure-
ment at 14800C (Table V). If this rapid formation of
mullite is assumed to occur during the first few hours of
the creep test, then the mullite content may have been
substantially higher during the steady state portion of the
measurement than that indicated by the as-fired condition.
It should be noted that of all samples tested, the doped
samples had the largest relative increase in mullite content.
3. Nature of the Alumina Grain
The differences observed in the creep behavior of
samples containing sintered or fused alumina, but of
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equivalent sodium oxide content and heat treatment are
suggestive of differences in the reactivity of the two
types of alumina. With the exception of the doped 8(0.5)
samples, the fused alumina samples always exhibited the
lowest steady state creep rates for comparable conditions.
Samples 8(0.04) and F(O.07) heat treated for three
hours at l530 o C, Table IV, are good illustrations of this
point. After firing at l5300C the mullite content of the
fused alumina sample was 25% of theoretical whereas that of
the sintered alumina sample was only about 9% of theoretical.
While the lower creep rates and higher activation energy for
the fused alumina samples are consistent with their higher
mullite content, this does not explain why mullite formed
more rapidly in the fused alumina.
The reasons for the difference in the rate of mullite
formation in the fused alumina samples as compared to
essentially identical samples of sintered alumina are not
completely knmm at this time. For the low sodium oxide
samples the slightly higher sodium oxide content of the
fused alumina (0.0'7%) as compared to the sintered alumina
(0.04%) may be partially responsible. On the other hand,
the mullite contents given in Table V for as-fired 8(0.3)
samples and F(O.5) samples show that mullite formation took
place more rapidly in samples containing sintered alumina,
43% and 31% respectively. Nevertheless, the F(0.5) samples
gave lower creep rates regardless of the lower mullite
cont_ent..
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Apparently, the difference in mullite contents of
sintered and fused alumina cannot be entirely attributed to
only the amount of the sodium oxide impurity. Some other
factor or factors must influence the reactivity of the
alumina grain. One plausible explanation for the apparent
higher reactivity of the fused alumina grain of low sodium
oxide content, is related to the different ways in which
fused and sintered alumina are prepared. The freshly
fractured surfaces of the monocrystalline fused alumina
could conceivably be more reactive than the surface of the
sintered grain.
The present work agrees with that of Clements and Vyse 8
who reported that the creep resistance of high alumina
refractories containing fused grain was better than that of
refractories containing sintered grain. With equivalent
sodit~ oxide content and heat treatment, the lower creep
rates observed for the fused alumina samples is now attri-
buted to differences in the reactivity of the two types of
alumina.
C. Temperature Dependence of the Creep Rate
The temperature dependence of the creep rates (i.e.
activation energies) determined in this study was lower
than expected. It was anticipated from the work of Pask and
HUlse 6 , that activation energies near 175 kcaljmole would be
obtained for creep controlled by a mullite bonding matrix.
Similarly, activation energi.es lower than 175 kcal/mole were
43
expected for samples of low mul1ite content, whereas acti-
vation energies higher than 175 kcal/mole were expected for
samples undergoing phase changes during the creep tests.
However, the activation energies calculated from the present
data were lower than 175 kcal/mole even though phase changes
were occurring during the creep measurements.
There is, however, a consistent correlation between the
mullite content and the activation energy in samples of
equivalent sodium oxide content, except for the doped 8(0.5)
samples. In the low sodium oxide samples F(O.07) and 8(0.04),
Table VII the higher activation energies are a.ssociated wi-th
the higher mullite contents irrespective of whether the
increased mullite results from prolonged heat treatment or
differences in the reactivity of the alumina grain. The
activation energies for samples F(0.5) and 8(0.04) heated
for three and seven hours also show the effect of higher
mullite content( Table VII.
The unexpectedly low activation energies observed for
sclffiples of reasonably high mulli.te content( 8 (0.3) and F (0.5)
especially, are indicative of those for a glassy phase
modified by the presence of mullite. With the exception of
the doped S(0.5) samples, the 8(0.04) and F(0.5) samples
show an activation energy which increases with increasing
mullite content. Since glass formation is considered most
likely in the doped S(0.5) samples, a higher mullite content
would be required to increase the activation energy compa-
rable to that of the F(O.5) samples.
TABLE VII
MULLITE CONTENT AND ACTIVATION ENERGY FOR CREEP IN 90% ALUMINA SAMPLES
Activation Mullite Content
Energy Mullite Content* After* Creep Tests Heat Treatment
(kcal/mole) As-Fired at 1515°C Sample 1530 0 C (hours)
113 17 29 8(0.04) 7
154 42 57 F{O.5) 7
94 <9 17 S{O.04) 3
143 31 51 F{0.5) 3
145 43 54 S{O.3) 3
156 25 44 F{O.07) 3
75 18 -51 S{0.5) 3




In samples of low sodium oxide content the activation
energies also increase with increasing mullite content.
These activation energies reflect a deformation process
involving an intergranular bonding matrix consisting
essentially of mullite and cristobalite with negligible
glass content.
While the activation energies found in this s·tudy are
lower than those determined previously by Pask and Hulse 6
for fireclay refractories the effects of mullite concentra-
tion are the same in both instances. 'l'hat is I samples
containing the most mullite exhibit the highest activation
energies for creep.
VI SUMMARY AND CONCLUSIONS
The creep rates and activation ener"gies were deter-
mined for 90% alumina refractories containing either
sintered or fused alumina and silica. These data were
correlated with the mineralogical composition. The miner-
alogical composition and hence the creep behavior, was found
to depend upon the heat treatment, the sodium oxide content
and the reactivity of the alumina grain.
It is concluded that:
1. Prolonged heat treatment gives the expected
results of increased mullite contents, lower
creep rates and higher activation energies.
2. Sodium oxide impurity in amounts up to 0.5%
accelerates mullite formation and also
enhances glass formation. Samples made from
sintered and fused alumina containing 0.3
and 0.5% Na20 respectively, had lower creep
rates than comparable samples of sintered and
fused alumina containing 0.04 and 0.07% Na20,
respectively. The creep rates of the samples
of high sodium oxide content are consistent
with their higher mullite contents.
3. The differences observed in the creep rates and
activation energies for fused and sintered
alumina samples are attributed to differences
in the intergranular bonding matrix. The
availability of the sodium oxide for reaction
its distribution, and the amount present are all
considered important to the type of matrix
developed.
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VII SUGGESTIONS FOR FUTURE WORK
During this investigation several interesting results
were obtained which could not be explored fully. Two of
these observations, namely: (1) the difference in reactivity
of fused and sintered alumina, and (2) the importance of
sodium oxide in accelerating mullite and glass formation,
are the bases for suggesting the following studies.
1. A study of the surfaces of sintered and fused
alumina should be undertaken to fully charac-
terize the surface properties and isolate
differences bet\veen the hvo ma.terials.
Physical as well as chemical properties are
of importance since both can influence the
reactivity of the grain.
2. A systematic study of the effect of sodium
oxide on the properties of high alumina
refractories is warranted. Since sodium
oxide in amounts up to 0.5 wt. % enhances
both mullite and glass formation, it is
conceivable that there is an optimum amount
of sodium oxide which would promote maximum
mulli t.e formation whiJ.e maintaining a
relatively lmv amourlt of glass. The optimum
may vary according to the nature of the
alumina grain, the amount of silica present,
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APPENDIX
APPENDIX A
RATE PROCESS THEORY OF CREEP
The flow units considered responsible for creep defor-
mation are assumed to be density fluctuations which are
present in a material at high temperature. These fluctua-
tions can persist for long periods because of the surround-
ing potential barLiers 5 • The fraction of flow units which
are thermally activated is given by the Boltzman distribu-
tion lavl as follows:
N/No ::;; exp ('-1"/R'I' )
where: N ;:; number of activated units
No ;:; total number of units
F = activation energy (potential barrier)
R ;:; gas constant
T = absolute temperature
(1)
When an external stress is applied the stress modified bar-
riers are designa"ted by F+~F ancl. F-liF. For a given tempera-
ture the number of activated units proceeding in the forward
and reverse directions are proportional to exp(-F+6F)/RT and
exp(F-bP)/RT respectively2. The net flux in the forward
direction i.e. the direction to relieve stress is then:
dn/dt ;:; A'exp (~F/RT) [exp~F/R'I')--exp (-L\F/RT)] (2)
or dn/dt - 2A'exp(-F/RT) 'Sinh(lIF/RT) (3)




F = barrier height (activation energy)
R = gas constant
T = absolute temperature
The constant A is dependent upon temperature, stress and
structure. Hmvever the exponential term is the most impor-
tant temperature term. According to Gibbs and Eyring 5 :
A = KKT/h (4)
where: K = transmission coefficient
K = Boltzman's constant
T -- absolute temperature
h - Plank's constant
The factor KT/h is termed the universal frequency factor and
determines the rate of passage of the fluctuations over
their respective barriers. The transmission coefficient, K,
expresseG the ratio of the number of fluctuations passing
their barriers to the number having sufficient energy to
surmount their barriers.
The change in barrier height, ~F, as a function of stress
is: t.F = ber (5)
where: b:::: constant (volume dimensions)
er :::: stress
Upon substituting values of t.F and A from equations 4 and 5
into equation 3, the expression for the rate of passage of
fluctuations over their barriers becomes:
dn/dt = 2 K· (KT/h)exp(-FjRT) ·Sinh(bo/RT)
55
(6 )
To convert this ra-te to creep rate, the following relCttion-
ship is used:
s == (o/L) (dnjdt) (7)
-where: S == creep rate
0 == component of creep in the stress direction for
one jump
L == distance between flow units
The expression for creep rate as a function of stress and
temperature becomes:
S == (oiL) (dn/d-t) =- (2 Ko/L) (f~Tjh) exp (-F/RT)'Sinh (bo/RT) (8)
APPENDIX B
POI,ISHING PROCEDURE FOR ALUMINA S.N1PLES
1. Silicon carbide abrasive papers of the successive sizes
120, 320, 400, and 600 grit were used for rough polish-
ing. The samples were held on each size for about 5
minutes with water being added to the lap as a coolant.
2. The' in"termediate polishing was done using diamond gri,t
in the successive sizes 16, 6, 1, and ~ micron. The
paste containing the diamond abrasive was smeared onto
a hardcloth for the three largest sizes and onto silk
for the ~ micron size.
3. The final polishing consisted of a 4 hour treatment in


































































































































































































































































































































































































































































































































































































































































































































































CREEP DATA 1515 °c, 100 psi, 3 HOUR SAMPIJES
Deformation C%}





































































































































































Linear Slope = 2.37 x lO-~
Intercept = .648
0.00
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Time - r-tinutes
Figure C-l. Creep Curve Showing Typical Data Obtained at 1500























PHOTOMICROGRAPHS Awn ELECTRON PROBE MICROANALYSIS
Figures 1-3 are photomicrographs of polished sections
of fired samples. In these figures, alumina grains are
represented by the large light colored irregular shapes
while mullite grains appear as the smaller more angular or
elongated grains and as the light colored regions adjacent
to the alumina grains. Some mullite grains connecting
alumina grains are evident.
Figures 4-6 are photographs of an oscilloscope display
of the back. scattered electrons and X-rays emitted from the
samples under an electron beam. The four scans in each
figure cover the same area of the sample, thus the distri--
bution of ions in that area is represented by the intensity
of characteristic X-rays emitted. The relative intensity
of the emitted radiation is represented by the density of
white dots in the photographs.
Figure D-l. (A) F(O.5) Sample, 7hr. Firing 250X




Figure D-2. (A) 8(0.5) Sample, 3hr. Firing 250X




FigureD-3. (A) F(O.07) Sample, 3hr. Firing 250X










Figure D-4. Electron Probe Microanalysis of







Figure 0-5. Electron Probe Microanalysis of







Figure D-6. Electron Probe Microanalysis of
F (0.5) Sample) 7hr. Firing
APPENDIX E
ERROR ANALYSIS
Random errors in the individual determinations of the
steady state cree~ rates, Table IV, were estimated by com-
puting the 95% confidence interval for each set of data.
The Student t distribution was used to determine the width
of the confidence interval*. Calculated confidence intervals
are given in Table E-I.
Temperature fluctuations during the control cycle and
gradients within the furnace were considered to be the major
sources of error influencing the precision of the rate meas-
urements.
The error in activation energy due to random error in
creep rates and temperature measurements was obtained by
differentiating the expression for the temperature depend-
ence of the creep rate,equation 3, page 8. Assuming finite
increments in creep rate, Table E-l, and temperature,S
degrees, a maximum error of 1.1 kcal/mole was obtained.
The major sources of error in the activation energies
were considered to be sample differences and mineralogical
changes in the samples during the creep tests.
*M. G. Natrella, Experimental Statistics, NBS Handbook 91
Chapter 5, pp 1-46 (1963)
TABLE E-I
CONFIDENCE INTERVALS FOR STEADY STATE CREEP RATES*
Sample Firing Treatment Width of 95% Confidence Interval (%/min. X 10
4 )
l530°C (hours) l450 0 C l480°C l500 0 C 1515°C
S(0.04) 7 0.07 0.09 0.15 0.13
F(O.5) 7 0.09 - 0.12 0.20
5(0.04) 3 0.10 0.35 - 0.50
F(0.5) 3 0.20 0.30 - 0.40
S(0.3) 3 - 0.40 0.52, 0.46
0.80
FCO.07) 3 - 0.58 0.87, 0.57
0.51
S (0.5) 3 0.14 0.45
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